In this paper we present the results of the investigations of nanostructured C-Pd fi lms for hydrogen sensing applications. These C-Pd fi lms were prepared by physical vapor deposition and then annealed in an argon fl ow at the temperature of 500°C. The structure and morphology of the prepared C-Pd fi lms were investigated using transmission electron microscopy and energy dispersive X-ray spectroscopy. We studied the infl uence of hydrogen on the electrical properties and crystal structure of C-Pd fi lms. It was shown that fi lm resistance changes depended on hydrogen concentration. At lower hydrogen concentration (up to 2 vol.%), the fi lms response increased proportionally to [H 2 ], while above 2 vol.% H 2 , it was almost constant. This is connected with the formation of a solid solution of hydrogen in palladium at lower H 2 concentration and the creation of palladium hydride at higher H 2 concentration. X-ray diffraction was used to confi rm the formation of Pd-H solid solution and palladium hydride.
INTRODUCTION
Hydrogen gas is considered to be one of the most promising clean energy carriers for use in fuel cells due to its effi ciency and environmental friendliness. 1 Hydrogen has also been widely used for conventional technology such as hydrocracking of paraffi n hydrocarbons in petroleum refi neries and many hydrogenation/dehydrogenation industrial processes 2- 4 . The development and expanded use of hydrogen gas as an energy carrier and as a chemical reactant has caused an increasing demand for fast, sensitive and accurate hydrogen sensors. This is connected with the high fl ammability and explosiveness of hydrogen as well as a high leaking tendency because of its small molecular size 5 . One of the most thoroughly studied hydrogen sensors are palladium-based devices
6-9
. This is associated with the highly selective interaction between palladium and hydrogen, which results in changes in palladium electrical properties 6, 10 . The interaction of hydrogen with palladium begins with the adsorption of molecular hydrogen on palladium surface 11 . Then the palladium atoms catalyze the homolytic dissociation of H 2 to hydrogen atoms. These hydrogen atoms diffuse into Pd lattice and occupy its interstitial sites, forming a solid solution 1, 6 . The resulting solid solution of hydrogen in palladium has higher resistance compared to metallic palladium
11
. If the hydrogen partial pressure in the gas phase exceeds 1 kPa-2 kPa, the further incorporation of hydrogen atoms induces a phase transition from the α-to β-phase and the creation of palladium hydride (PdH x ) 12, 13 . This leads to an increase of the lattice constant, and thus the diameter of the palladium nanograins also increases 14, 15 . In this paper, we studied changes in the electrical properties and the crystal structure of carbonaceous-palladium (C-Pd) nanocomposite fi lms under the infl uence of hydrogen. These C-Pd fi lms were prepared by physical vapor deposition (PVD) and then annealed in an inert gas fl ow at a temperature of 500°C. Such fi lms contain palladium nanograins embedded in the carbonaceous matrix. The carbonaceous matrix stabilizes palladium nanograins in C-Pd fi lms, while Pd nanograins react with hydrogen, which leads to changes in the fi lm electrical properties and structure. The structural changes occurring during hydrogen absorption were studied in situ using the X-ray diffraction method. Hydrogen sensing measurements in the H 2 /N 2 mixture were performed to determine the fi lms sensitivity and response time. We have correlated changes in C-Pd fi lm sensitivity and response time toward various hydrogen concentrations with the changes in the fi lm structure.
EXPERIMENTAL DETAILS
Nanostructured carbonaceous-palladium (C-Pd) fi lms were prepared by physical vapor deposition (PVD) and then annealed under an argon atmosphere. In the PVD process the fi lms were deposited on unpolished fused silica substrates, using two separate sources containing fullerene C 60 (Sigma-Aldrich, 99.9%) and palladium acetate (Sigma-Aldrich, 99.98%) 16 . The resulting fi lms were annealed at a temperature of 500°C in an argon fl ow rate of 40 L/h. Depending on the technological parameters of the preparation, fi lms with a different structure, palladium content and electrical properties were obtained. The structure of the prepared fi lms, palladium content and distribution of the palladium nanograins were studied using a Titan 80-300 Cubed transmission electron microscope (TEM) operating at 300 keV incident electron beam energy, equipped with an energy dispersive X-ray spectroscope (EDS). The specimens were prepared by the mechanical stripping of the C-Pd fi lms on a 1.000 mesh grid.
X-ray diffraction studies were carried out on the W1 beamline at Doris III synchrotron at Hasylab. GIXD (Grazing Incidence X-ray Diffraction) measurement geometry was applied due to the low thickness (up to 300 nm) and low absorption of the C-Pd fi lms. A double Si (111) crystal monochromator provided radiation with a wavelength of l = 0.154056 nm, equal to that of the K 1 Cu fl uorescence line, was used. The effect of the hydrogen partial pressure on the crystal structure was studied in situ in GIXD measurements with the 2° inci-average size of these particles is 15 nm and this value was obtained from fi tted to lognormal distribution for 210 numbers of Pd nanoparticles. The histogram of the size of the palladium nanoparticles is presented in Figure 2c . The EDS spectra were collected with micron sized areas. The obtained results show that the studied C-Pd sample contains 30 wt% ± 5% of palladium and 69 wt% ± 5% of carbon. Figure 3 presents the diffraction patterns of the C-Pd fi lm, made for different concentrations of hydrogen in the H 2 /N 2 gas mixture. The measuring range of diffraction angle 2 contains two distinct diffraction peaks of the fcc palladium and palladium hydride: 111 and 200. In Figure 3 , one can see the shift of the diffraction peaks to the lower diffraction angles for higher hydrogen concentration in the gas mixture. This indicates an increase of the lattice constant in the cubic cell. There are peaks of β-phase palladium hydride with the signifi cant increased lattice constant above the 2 vol.% H 2 content in the gas mixture. The determined values of the lattice constants of the fcc palladium and palladium hydride cells are summarized in Table 1 .
The C-Pd fi lm structural changes due to the hydrogen presence observed in the diffraction patterns are refl ected in hydrogen sensing measurements. The sensing investigations relied on the continuous measurement of fi lm electrical resistance while changing the gas atmosphere in the measuring chamber in subsequent response-recovery cycles. The initial resistance of the studied fi lm in the dent angle, using a specially designed measuring holder cell with a controlled H 2 /N 2 gas fl ow and composition.
Hydrogen sensing measurements were carried out in a special measurement set-up, described in details in our earlier paper. 17 The electrical contacts to the C-Pd fi lms deposited on unpolished fused silica substrates were made using silver paste (Conductive Silver Paint, SPI Supplies). The distance between the contacts was 10 mm. The scheme of a sample prepared for sensing measurements showing confi guration of the silver electrodes is presented in Figure 1 . The fi lms prepared in such a way were placed in a holder in a measurement chamber, with electrical feedthrough, and a gas fl ow inlet and outlet. Mass fl ow controllers were used to dilute hydrogen with nitrogen to the chosen concentrations, with a total gas fl ow rate of 1 L/min. Hydrogen concentration was varied in subsequent response-recovery cycles from 0.25 vol.% to 4.00 vol.%. The recovery was carried out in synthetic air at a fl ow rate of 1 L/min. The measurements were performed at room temperature and under atmospheric pressure. 
RESULTS AND DISCUSSION
In this paper, the results for a typical C-Pd fi lm, obtained in a PVD process and annealed in a temperature of 500°C, are presented. The annealing process leads to the agglomeration of palladium nanograins and the transformation of the carbonaceous matrix. The results of the TEM investigations are shown in Figure 2 . The C-Pd fi lm electronogram shown in Figure 2a confi rms the presence of metallic palladium with a fcc structure. The micrograph in Figure 2b shows a large variation in the size and shape of the Pd nanoparticles. The air was 8.45 kΩ. The presence of hydrogen in the gas mixture introduced into the chamber led to an increase in the fi lm resistance. However, the introduction of the air resulted in the return of the fi lm resistance to the initial value. The increase of the fi lm resistance in the presence of hydrogen is connected with the formation of a solid solution of hydrogen in the palladium (at lower H 2 concentrations) and the palladium hydride (at higher H 2 concentrations) 12 . This is consistent with our results of X-ray diffraction measurements indicating the formation of PdH x compound. The PdH x compound has higher resistance than metallic palladium 18 . The created Pd-H system is unstable and decomposes in the air fl ow, causing a decrease of the fi lm resistance. In Figure 4 the results of sensing measurements under the infl uence of 1 vol.% H 2 (formation of α-PdH x ) and 4 vol.% H 2 (formation of β-PdH x ) are shown. The results are presented as a relation between relative resistance changes (percentage change in the fi lm resistance, ΔR/R 0 ) and time. ΔR/R 0 was calculated from the following equation: (1) where: R -fi lm resistance in the H 2 /N 2 mixture, R 0 -the fi lm initial resistance in the air. The magnitude of the sensor response increased with the H 2 concentration in the atmosphere due to the absorption of larger amount of hydrogen. ΔR/R 0 reached 10.4% and 19.5% after stabilization in 1 vol.% and 4 vol.% of hydrogen, respectively.
In Figure 5 , the changes in the fi lm sensitivity (ΔR max / R 0 ) in a function of hydrogen concentration are presented. The sensitivity is defi ned as a maximum relative resistance change for a given H 2 concentration. It was observed that the increase in the concentration of hydrogen increased the fi lm sensitivity. However, we can distinguish two areas on the curve of ΔR max /R 0 = f([H 2 ]): (1) for hydrogen concentration below 2.5 vol.%, and (2) for H 2 concentration range from 2.5 vol.% to 4.0 vol.%. For lower concentrations of hydrogen, the sensitivity of the fi lm varies in direct proportion to [H 2 ]. However, after exceeding 2.5 vol.% of hydrogen in the atmosphere, the sensitivity of the fi lm is almost constant. This suggests that the hydrogen concentration of 2.5 vol.% is the limit beyond which the mechanism of interaction between hydrogen and palladium changes. For low hydrogen concentrations (below 2.5 vol.%), the amount of absorbed hydrogen is small, so that the hydrogen forms a solid solution of α-PdH x (for x < 0.015) 8 without causing a phase transition of palladium from the α-to β-phase. The formation of α-PdH x causes only a slight increase in the lattice constant of palladium (Table 1) . However, the absorbed hydrogen causes signifi cant changes in the electrical properties of palladium. A linear increase in the fi lm resistance was observed during hydrogen absorption. Similar linear relation between sample resistance and hydrogen concentration was previously observed by Lee et al. for palladium thin fi lms 11 . Exceeding 2.5 vol.% hydrogen in the atmosphere causes a palladium phase transition from the α-to β-phase. This results in a signifi cant increase in the crystal lattice constants ( Table 1 in Figure 6 . The response time (t 90% ) is the time required to reach 90% of the maximum resistance change at a given hydrogen concentration. We can initially see that the response time decreased with the increasing hydrogen concentration (up to 1 vol.% H 2 ). The increase of the H 2 concentration from 1 vol.% to 2 vol.% resulted in the lengthening of t 90% . However, a further increase of the concentration of hydrogen (2 vol.%-4 vol.%) again led to a reduction of response time. The prolonged response with an increasing hydrogen concentration from 1 vol.% to 2 vol.% is probably associated with the change of the crystalline phase. A phase transition from the α-to β-phase can reduce the rate of the entire hydrogen absorption process. This is consistent with the literature data of activation energy and enthalpy for processes associated with absorption of hydrogen by palladium (H 2 adsorption, H diffusion and the α → β phase transition)
19
. The determined values of activation energy for hydrogen adsorption on palladium and the diffusion of hydrogen atoms are similar and they are about 5 kcal/mol, while the enthalpy of phase transition from the α-to β-phase is about two times higher 19 . This means that the α → β phase transition requires higher energy than the previous steps of H 2 absorption (hydrogen adsorption and diffusion). Therefore, the phase transition can slow the hydrogen absorption process at higher H 2 concentrations and thus extend the fi lm response time. As a result, there is a maximum on the curve t 90% = f ([H 2 ] ). In our previous investigations of the kinetics of interaction of hydrogen with the C-Pd fi lms for lower [H 2 ], we showed that H 2 adsorption is a rate-limiting step of hydrogen absorption 17 . Our current studies indicate that for higher hydrogen concentrations, phase transition from the α-to β-phase is the slowest step, determining the rate of the overall hydrogen absorption process in C-Pd fi lms.
in the concentration of hydrogen (in the range of 2.5 vol.%-4.0 vol.%) does not cause a further increase in the fi lm resistance. This means that the changes in the C-Pd fi lm resistance are caused by the creation of α-PdH x solid solution.
CONCLUSIONS
C-Pd fi lms obtained in the PVD process, and then annealed in an argon fl ow are active in the reaction with hydrogen. In this paper, we found a correlation between changes in the C-Pd fi lms crystal structure and electrical properties under the infl uence of hydrogen. At lower concentrations of hydrogen (up to 2 vol.%), the formation of α-PdH x solid solution results in a linear increase in the fi lm resistance and a slight increase in the lattice constant with an increase of [H 2 ]. Exceeding the hydrogen concentration of 2 vol.% leads to a phase transition α → β, accompanied by a rapid increase in the lattice constant, while a further increase in the fi lm resistance is not observed. The phase transition from the α-to β-phase affects the kinetics of the interaction of hydrogen with palladium, becoming the rate-limiting step of the overall hydrogen absorption process. It was shown that the changes of the C-Pd fi lm electrical properties result from the creation of solid solution of hydrogen in the palladium. The hydrogen sensors based on such C-Pd fi lms can fi nd their application everywhere where hydrogen is used, due to danger of hydrogen leakage. Summing up, the obtained results of changes in the sensitivity and response time of C-Pd layers are consistent with the results of the XRD studies. The presence of a small amount of hydrogen (less than 2 vol.%) causes changes in the fi lm resistance, but does not lead to a phase transition in the palladium nanograins. However, at higher hydrogen concentrations, a phase transition from α-to β-phase occurs, which is accompanied by an increase in the lattice constant of 3.5%. The increase
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